DNA double-strand breaks (DSB) can arise during DNA replication, or after exposure to DNA-damaging agents, and their correct repair is fundamental for cell survival and genomic stability. Here, we show that the Smc5-Smc6 complex is recruited to DSBs de novo to support their repair by homologous recombination between sister chromatids. In addition, we demonstrate that Smc5-Smc6 is necessary to suppress gross chromosomal rearrangements. Our findings show that the Smc5-Smc6 complex is essential for genome stability as it promotes repair of DSBs by error-free sisterchromatid recombination (SCR), thereby suppressing inappropriate non-sister recombination events.
; however, to prevent repair of HO-induced DSBs, both HM loci were deleted in our strains 8 . Chromatin binding of Smc6 tagged with nine Myc epitopes (Smc6−9Myc) to sites around the DSBs was assayed by chromatin immunoprecipitation (ChIP; Fig. 1a and see Supplementary Information, Fig. S1c, d ).
In the absence of a DSB, low Smc6 binding across these regions was observed ( Fig. 1a ; uncut). After DSB induction, a general increase in binding was detected around the regions flanking the break ( Fig. 1a ; cut). We found no enrichment of Smc6 on other chromosomes ( Fig. 1a ; met6 control), demonstrating that Smc5−Smc6 is recruited specifically to genomic sites flanking the HO break.
The recruitment of Smc5-Smc6 to HO-induced DSBs ( Fig. 1a and see Supplementary Information, Fig. S1c, d ) prompted us to investigate whether the complex affects pathways for DSB repair. Firstly, the effect of Smc5-Smc6 on NHEJ-mediated repair of a chromosomal DSB at MAT was examined in a strain that cannot repair the break by homologous recombination 9 . In smc6-9 mutant strains, NHEJ was not affected compared with wild-type cells (Fig. 1b) demonstrating that the Smc5-Smc6 complex does not participate in NHEJ. Secondly, the role of Smc5-Smc6 in DSB repair by homologous recombination between ectopic sites was evaluated. Mating-type switching efficiency was determined by Southern
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blot analysis of restriction fragments 10 ( Fig. 1c and see Supplementary  Information, Fig. S1e ). No significant differences (below twofold) were observed between smc5-smc6 mutants and wild-type cells (Fig. 1c and see Supplementary Information, Fig. S1e ), demonstrating that Smc5-Smc6 function is not required to mediate homologous recombination between ectopic sites.
As Smc5-Smc6 subunits are recruited to DSBs during the G2 and M phases (when sister chromatids are present; Fig. 1a) , we tested whether the complex is required for SCR. A physical assay for the detection of DSB-induced SCR was used 11 . The assay allows the study of SCR events between two leu2 repeats located on a single-copy plasmid 11 (see Supplementary Information, Fig. S2a and Methods). One repeat contains a mutant HO site, HOr, which is very inefficiently cut by the HO endonuclease (<10% of cells), thus cutting only one sister chromatid in over 90% of these cases 11 . Recombination intermediates can be detected and quantified using Southern blot analysis 11 . smc6-9 and nse5-1 mutants were then tested in the SCR assay. Following inactivation of Smc5-Smc6 function and HOr cleavage, samples were collected at different times and evaluated by Southern blot analysis (see Supplementary Information, Fig. S2b ). The levels of DSB repair in the smc5-smc6 mutants were similar to wild-type cells after 4 h (Fig. 2a) . At this time, over 8% of DSBs in wild-type cells had been repaired by SCR (Fig. 2a) , whereas less than 2% (a fourfold reduction) were repaired by SCR in the nse5-1 and smc6-9 mutants (Fig. 2a) . Therefore, inactivation of Smc5-Smc6 function significantly reduced the repair of leu2-HOr DSB by SCR. Immunoprecipitated Smc6−9Myc (percentage) 
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The assay used reports on frequency of SCR by detection of unequal sister-chromatid exchange (USCE) events. Direct detection of equal sister-chromatid exchange (ESCE) events can also be monitored by the formation of dimers in undigested plasmids that contain a single leu2-HOr gene 11 (see Supplementary Information, Fig. S2c ). ESCEinduced plasmid dimers accumulated in wild-type cells, reaching 1% after 6 h (Fig. 2b) . In contrast, nse5-1 and smc6-9 cells showed significantly reduced levels of plasmid dimer formation ( Fig. 2b and see Supplementary Information, Fig. S2d ). These results confirm that the inactivation of the Smc5-Smc6 complex prevents SCR and this mechanism is important for preventing genomic instability.
The rates of spontaneous gross chromosomal rearrangements (GCRs) were examined in smc6-9 cells using a previously described method 12 . smc6-9 mutants showed an increase of approximately 100-fold in GCR rate, which was dependent on the homologous recombination machinery ( Fig. 2c and see Supplementary Information, Fig. S2e) . Therefore, the GCR results are consistent with Smc5-Smc6 normally having a role in mediating error-free recombinational repair between sister chromatids.
Here, we have shown that the Smc5-Smc6 complex is recruited to DSB sites to mediate repair with the aligned, identical sister chromatid. Interestingly, the binding pattern of the Smc5-Smc6 complex to DSBs is similar to that of the related complex, cohesin 13, 14 , which is known to hold sister chromatids together and is required for DSB repair 15 . However, the precise mechanism by which cohesin promotes SCR, and whether the role of these two complexes in DSB repair is related, has yet to be determined. Our results reveal that the enigmatic Smc5-Smc6 complex is an important factor in ensuring error-free repair and minimising genome instability across eukaryotes. Southern analysis of the recombination intermediates obtained after HO expression in wild-type, nse5-1 and smc6-9 cells. The cultures were placed at 37ºC to inactivate mutant protein, and DNA samples were taken at different times after HO induction and analyzed by Southern. Plasmid DNA was not digested prior to electrophoresis. rD indicates relaxed dimers; scD, supercoiled dimers; rM, relaxed monomers; lM, linear monomers; scM, supercoiled monomers. Plasmid dimers are indicated with an arrow. (E) Increased GCR formation in smc6-9 mutants depends on homologous recombination machinery (rad51∆). The smc6-9 strain is isogenic with the wild type strain, RDKY3615 [ura3-52, leu2∆1, trp1∆63, his3∆200, lys2∆Bgl, hom3-10, ade2∆1, ade8, YEL069:: URA3]. The numbers in parenthesis indicate the fold induction of GCR rate relative to wild type GCR rate.
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Yeast Strains and Plasmids
All yeast strains were derivatives of the wild type strain AS499 (S288C) 1 
.
Yeast strains for the induction of a DSB are derivatives of JKM139 or JKM179 (J. Haber). Epitope tagging for Smc6 and Ddc2 at their C-terminus was performed using PCR-based methods 2 . The smc5-smc6 temperature sensitive alleles were introduced into strains using a PCR-based allele replacement method 2 .
Generation of temperature sensitive alleles
The nse5-1 and nse3-12 alleles were generated by random mutagenesis PCR. Briefly, genomic DNA was isolated from strains with an NSE5 or NSE3 gene tagged with the 9myc:TRP1 epitope. The genes plus the epitope and the TRP1 marker was PCR amplified with a high fidelity DNA polymerase. The amplified sequence was re-amplified in 5 parallel reactions using the GeneMorph PCR mutagenesis Kit (Stratagene). The mutagenized PCR products were pooled and used to transform a wild type strain. Transformants were selected for growth in SC medium lacking tryptophan at 25°C, and tested for temperature sensitivity at 37°C. Temperature sensitive colonies were tested for correct integration of the epitope by PCR and western blot, and for rescue of the ts phenotype by a centromeric plasmid carrying the corresponding wild type NSE gene.
Growth Conditions and Cell Synchronization
Cell cycle arrests in G1 prior to DSB induction were mediated by treatment for 2 hours with 10-8 M α-factor (SIGMA) at 25ºC. Arrests in S phase were mediated by treatment for 2 hours with 0.2M Hydroxyurea at 25ºC. Arrests in G2/M phase were mediated by treatment for 2 hours with 15µg/µl nocodazole at 25ºC. Exponentially dividing cell cultures were grown in YEP media with 2% glucose, 3% glycerol or 2% lactic acid. To release mutant cells from this block, cells were first shifted to 37ºC for 45 min to inactivate temperature sensitive alleles and then washed twice with pre-warmed medium and resuspended in YPD plus 0.1mg/ml pronase E (SIGMA).
Culture Conditions for HO Induction
In strains with a stably integrated GAL10::HO sequence, cells were grown in YEP media with 2% lactic acid or 2% raffinose. Cells were then arrested as described above (according to the specific arrest condition), and subsequently galactose (Sigma, 20% w/v stock) was added to the culture at a final concentration of 2% w/v to induce HO expression.
Analysis of DSB repair, NHEJ, MAT switching and SCE
MAT switching was analysed as described before 3 . Physical analysis of SCR has also been described previously 4 . Purified genomic or plasmid DNA was digested with the appropriate restriction enzymes, separated on a 1.4% native gel, and probed with a 32P-labeled MAT distal fragment or the 1.18kb ClaISspI internal LEU2 fragment. Southern blots were scanned by PhosphorImager, and the repair efficiency was calculated as described before 3 . NHEJ experiments were performed as in dextrose, pH 5.5). The efficiency of NHEJ was determined as the intensity of the MATa-containing restriction fragment 3 h after HO induction, normalized to the amount of DNA. The SCR assays were performed as described earlier 4 .
Microscopy
Yeast cells with GFP-tagged proteins were analyzed by fluorescence microscopy after DAPI staining. For fluorescence microscopy, series of z-focal plane images were collected on a Leica IRB using a Hamamatsu C4742-95 digital camera and OpenLab software (Improvision). A tuneable light source (Polychrome IV) with a Xenon lamp was used. Images in different z-axis planes were flattened into a two-dimensional projection and processed in Openlab. DNA was stained using 4, 6,-Diamidino-2-phenylindole (DAPI, Molecular Probes, Eugene, OR) at 1 µg/ml final concentration after short treatment of the cells with 1% Triton.
Chromatin Immunoprecipitation
To fix cells, yeast strains were treated with 1% formaldehyde. Time course analyses to optimize fixation times at 25ºC showed the optimal times for Nse5p and Smc6p to be 2 hr. Fixed cells were harvested, washed, and resuspended in ice-cold buffer I (140mM NaCl, 1mM EDTA, 1% (v/v) Triton-X, 0.1% (w/v) sodium deoxycholate, and 50mM HEPES/KOH at pH 7. The beads were then washed three times for 15 min in buffer I, followed by three washes for 15 min in buffer II (500mM NaCl, 1mM EDTA, 1% (v/v) Triton-X, 0.1% (w/v) sodium deoxycholate, and 50mM HEPES/KOH at pH 7.5) and three further washes also for 15 min in buffer III (250mM LiCl, 1mM EDTA, 0.5% (v/v) Nonidet P-40, 0.5% (w/v) sodium deoxycholate, and 10mM
Tris-Cl at pH 8.0). All wash buffers were kept at 4ºC and supplemented with the above-described protease inhibitors cocktail. The beads were then transferred to a fresh tube and washed with TE (1mM EDTA and 10mM Tris at pH 7.6). Immunoprecipitated material (IP) was incubated in elution buffer (1% SDS, 10mM EDTA, 50mM Tris-Cl at pH 8.0) at 65ºC for 10min. The IP material was then separated from the beads and further incubated overnight at 65ºC to reverse the formaldehyde crosslinks. Aliquots of total chromatin solution were similarly heat-treated (whole cell extract). After treatment with proteinase K (Qiagen), material was then treated with RNase (Qiagen) and finally purified through a DNA binding spin mini-column (Qiagen).
PCR Analysis of Co-immunoprecipitated DNA
The whole cell extract (or total input) and IP samples were analyzed by PCR.
First, dilutions of the total input were analyzed for every pair of primers to identify the dilution at the linear range and hence determine the initial amount of DNA. PCR products were separated on 2% agarose gels and visualized with ethidium bromide. PCR products were quantified using ImageQuant software. All the primers used for the analysis of MAT DSBs have been described before 6 . The primers for the rDNA analysis have been described 
Description of the SCR assays
To test whether Smc5-Smc6 mediate the repair of DSB by promoting homologous recombination between sisters we used two assays, previously HO-induced DSBs accumulate as 1.4kb and 2.4kb bands (Figure S2A-B) . The 2.9-kb and 4.7-kb bands appear as the result of unequal SCE events ( Figure   S2A-B) , which can be used as an estimate of total SCR 4 . While other recombination events, such as intra-chromatid recombination, can result in a 2.9-kb band, the appearance of a 4.7-kb fragment is specific for SCE, and is therefore used as an indicator of SCE events 4 . Equal sister-chromatid exchange products are not detectable as they result in a 3.8kb fragment also present in the parental plasmid 4 . Recombination between two different plasmids instead of between sisters is unlikely because 95% of both wild type and smc6-9 cells contain a single-copy plasmid, as determined from the ratio between signal intensity of leu2 fragment present in the genome and plasmid DNA 4 . In addition, the levels of recombination between leu2 alleles located on different plasmids is below detection in our physical assay (our unpublished results). In order to evaluate DSB repair of leu2-HOr cutting in the smc6-9 and nse5-1 strains, mutant cells were first transferred to galactose containing media at 23°C to induce HO for 2hrs and then shifted to 37°C to inactivate Smc5-Smc6 function. We found that at 37ºC smc5-smc6 mutants showed reduced HO cleavage efficiency due to loss of viability as compared to wild type cells, therefore HO expression was interrupted by the addition of 2% glucose to allow us to determine the relative efficiency of repair of similar initial amounts of HO-induced DSBs in all strains. Samples were collected at different times and evaluated by Southern analysis ( Figure S2B) . The results are shown in Figure 2A . The assay described reports on SCR through detection of unequal SCE events ( Figure S2A-B) . Direct detection of equal SCE events can also be tested using a second SCR assay that monitors the formation of dimers in plasmids 4 ( Figure S2C-D) . Dimeric plasmid formation is a consequence of the reciprocal SCE in circular plasmids ( Figure S2C ). The plasmid used contains only a single leu2 (leu2-HOr) sequence therefore dimers arise only through equal SCE and not unequal SCE 4 ( Figure S2C-D) .
We used this assay to analyse the kinetics of dimer formation by Southern of undigested plasmids in wild type and smc5-smc6 mutant cells ( Figure S2D ).
